Pharmacological differences have been observed between the muscarinic agonist-induced depolarizing and hyperpolarizing responses of the rat isolated superior cervical ganglion. 2 Pirenzepine (0.3 AM) selectively reduced the depolarizing response and unmasked the hyperpolarizing response. No such selectivity was observed with a concentration of N-methylatropine which was equipotent with pirenzepine in antagonizing the depolarizing response. 3 The neuromuscular blocking agents gallamine (1O tM) and pancuronium (3 jM) exhibited the oppositive selectivity to pirenzepine, both dramatically reduced the hyperpolarization but only slightly antagonized the depolarization. 4 The potencies of a range ofagonists in evoking the depolarizing and hyperpolarizing responses, the latter in the presence of 0.3 tAM pirenzepine, have been determined. Methylfurmethide failed to hyperpolarize the ganglion at concentrations which evoked maximal depolarizations. 5 The muscannic hyperpolarization did not appear to be mediated by the secondary release of catecholamines. 6 It was concluded that the two muscarinic responses on the rat superior cervical ganglion, the slow depolarization and faster hyperpolarization, are mediated by different muscarinic receptor subtypes.
Introduction
Atropine-sensitive (muscarinic) receptors can be classified into at least two subtypes: M, and M2 (Hirschowitz et al., 1984; Levine et al., 1986) . The antagonist potency of the anti-ulcer drug pirenzepine is particularly relevant for this classification (Hammer et al., 1980; Hammer & Giachetti, 1982) , although pharmacological differences between muscarinic responses were previously indicated by the cardioselective action ofgallamine (Riker & Wescoe, 1951; Clark & Mitchelson, 1976) .
The muscarinic actions of cholinomimetics on sympathetic ganglia have been known for many years (Volle, 1966) . The most studied response is an excitation associated with a small slow depolarization, but hyperpolarizing responses have often been reported. These potential changes may be analogous to the synaptic slow excitatory postsynaptic potential (e.p.s.p.) and slow inhibitory postsynaptic potential (i.p.s.p.) (Eccles & Libet, 1961) , respectively, as the 'Author for correspondence. application ofacetylcholine will mimic both potentials (Takeshige & Volle, 1964a) . The inhibition of a resting potassium current probably underlies the depolarization (Kobayashi & Libet, 1968; Weight & Votava, 1970; Brown & Adams, 1980) , whereas, in contrast, an increase in potassium permeability appears to be responsible for the hyperpolarization (Dodd & Horn, 1983; Cole & Shinnick-Gallagher, 1984 ; but see Brown & Selyanko, 1985) .
Two potentials are evoked by muscarine on the isolated superior cervical ganglion of the rat. The pharmacology of the depolarizing response has been studied in detail (Brown et al., 1980a,b) , but that ofthe smaller hyperpolarization has received less attention. The purpose of our experiments was to compare the pharmacology of the two potentials and to examine the possible involvement of catecholamines in the mediation ofthe hyperpolarizing response (see Weight & Padjen, 1973; Cole & Shinnick-Gallagher, 1980; Ivanov & Skok, 1980; Ashe & Libet, 1982; Rafuse & Smith, 1986) . A preliminary account of some of this work has been published (Newberry et al., 1985) .
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Methods
Superior cervical ganglia were excised from male Sprague-Dawley rats, weighing 150-200 g, which had been killed by a blow to the thorax. Each ganglion was desheathed under a microscope and then submerged in a three compartment bath. The ganglion body was situated in the central compartment and the preganglionic (cervical sympathetic) and postganglionic (internal carotid) trunks protruded through greased slots into the outer two chambers. The central compartment (volume approx 0.5 ml) was continually perfused (2-2.5 ml min ') with medium at 25TC, pre-equilibrated with 5% carbon dixoide in oxygen, whereas the medium in the outer compartments was static. The medium was an aqueous solution containing (mM): NaCl 125, KCI 5, KH2PO4 1, CaCl2 2.5, MgSO4 1, NaHCO3 25 and dextrose 10.
Ganglionic potential changes, induced by drug perfusion, were recorded using Ag/AgCl electrodes between the chambers containing the ganglion body (earthed) and the postganglionic trunk. Concentration-response relationships were determined using 10 min intervals between 1 min perfusions of muscarinic agonists (cf. Brown et al., 1980a) . Longer intervals or application times did not affect the EC5, values obtained for muscarine. The EC50 value for an agonist was determined on each of a number of ganglia, with at least five agonist applications (ascending in semilogarithmic molar units), and the negative logarithms of the EC50 values (pEC_0) were analysed statistically. The maximum depolarization evoked by an agonist was compared with the depolarization to 1 gM muscarine. The 'antagonists' were perfused for at least 30 min before the muscarine EC50 was re-determined. The maximum response of an agonist in the presence of an antagonist was compared to that previously measured in the absence of the antagonist.
The pharmacology of the depolarizing muscarinic response was studied in the standard medium. Under these conditions (2.5 mM CaCl2) overt muscarinic hyperpolarizing responses were, when evident, small. The calcium chloride in the medium was reduced to 0.1 mM, with no substitution, to help the study of the hyperpolarization (Figure lb) : the facilitatory action oflow calcium on ganglionic muscarinic responses has previously been demonstrated (see Figure 3 of Brown et al., 1980a 
Results
Acetylcholine evoked three responses on the rat isolated superior cervical ganglion (Figure la ): an initial, muscarinic hyperpolarization followed by fast, nicotinic, and slower muscarinic depolarizations (see Takeshige & Volle, 1964a; Brown, 1966) . The two muscarinic responses are the subject of this paper.
The muscarinic depolarization
Applications of muscarine depolarized the ganglion in a reproducible manner. An example of the concentration-response relationship to muscarine is shown in Figure Ic . The potencies and maximum responses, compared to muscarine, of a range of muscarinic agonists are shown in Table 1 . A faster, larger and Nmethylatropine-resistant (nicotinic) depolarization was evoked by relatively high concentrations (3 tiM or greater) of carbachol and acetylcholine. Since the concentration of these compounds in evoking muscarinic depolarizations was lower than that needed for the nicotinic action, it was just possible to determine the maximum of the muscarinic depolarization before the nicotinic depolarization dominated. This was not an ideal situation but was unavoidable since, as has been described previously (Brown et al., 1980a) , the ganglionic nicotinic antagonist hexamethonium (2.5 mM) could not be used to suppress selectively the nicotinic response since it also possessed muscarinic antagonist properties (muscarine EC50 ratios of 12 and 16, n = 2). A further complication arose when using the acetylcholinesterase inhibitor physostigmine (1O JM) in attempting to determine the potency of acetylcholine, namely that physostigmine evoked an N-methylatropine-sensitive, slow depolarization of the ganglion (20-40% of the response to I gM muscarine). The potency ofmuscarine was decreased in the presence of this compound (see Table 1 ). The direct depolarization precluded a detailed investigation of the latter effect, but it should be noted that muscarinic antagonist properties ofcholinesterase inhibitors have been described previously (Brown et al., 1982; Kenakin & Beck, 1985) . The agonist-induced muscarinic depolarizations of the ganglion were characteristically slower than the nicotinic depolarizations (see Figure la Potencies (means ± s.d. (n)) at depolarizing the ganglion were determined in medium containing 2.5 mM CaCl2. To study the hyperpolarizing responses the medium contained 300 nM pirenzepine and 0.1 mM CaCl2. Maximum depolarizations (median, range (n)) were related to the response to 1 JAM muscarine. Maximum hyperpolarizations were related to 1 JAM carbachol because the initial pharmacology had been done using this concentration (e.g. Figure 4) similar, except that the response to pilocarpine was prolonged and the response to methylfurmethide was faster to rise and decay ( Figure 6 ). The larger maximum depolarization to methylfurmethide was not a result of activation of nicotinic receptors since it was abolished by I pM N-methylatropine (n = 4).
Muscarinic antagonists
The muscarine-induced depolarization of the ganglion was antagonized by the 'MI selective' compound pirenzepine. The action of pirenzepine was compared with that of the quarternary analogue of atropine, Nmethylatropine. Neither of these antagonists consistently reduced the maximum response to muscarine and the slopes of the Arunlakshana-Schild (1959) plots were not significantly different from unity ( Figure 2 ). The skeletal neuromuscular antagonist gallamine, which antagonizes cardiac muscarinic responses (Clark & Mitchelson, 1976) , had a complex action on the muscarine-evoked depolarization of the ganglion. At 1O pM it slightly antagonized muscarine (mean log [EC,0 ratio] = 0.28 + 0.18, n = 6), but also increased its maximum response (median relative increase = 1.64, range 1.20-1.77, n = 6, Figure 3a ). Pancuronium (3 gLM) had a similar action to gallamine (mean log [EC5O ratio] = 0.66 ± 0.06, n = 4, median increase in maximum = 1.89, 1.75-2.03, n = 4, cf. Dalton & Tyers, 1982) . In the presence of the neuromuscular blocking agents the muscarinic agonist The latter is difficult to reconcile with the observation that gallamine decreases the dissociation rates of muscarinic ligands from the receptor (Stockton et al., 1983) .
(a) and (b) are from two separate ganglia, medium contained 2.5 mM CaCl2 and 0.1 mM CaCl2 in (b).
responses were 'sharpened' (see Figure 3b ), such that they looked more like those of methylfurmethide. The concentrations of gallamine and pancuronium used in these experiments were selected to inhibit cardiac-like (M2) receptors but have minimal actions on corticallike (M,) receptors (Dalton & Tyers, 1982; Stockton et al., 1983; Nedoma et al., 1985) .
Muscarinic hyperpolarization
The initial hyperpolarization was more often observed with carbachol compared with muscarine, and was never seen with pilocarpine or methylfurmethide. This response was not observed on all ganglia, even to carbachol, in the standard (2.5 mM Ca21) medium. A medium containing less calcium (0.1 mM) facilitated the observation ofthe hyperpolarization ( Figure Ib but even then it was not always visible (e.g. Figure 3b ). In this medium muscarine was marginally, but consistently, more potent at activating the depolarization (mean log [EC5, ratio] = -0.12 ± 0.09, n = 4) and its maximum response was greater (median = 1.27, range 1.05-1.42, n = 4). Pharmacological distinctions between the two muscarinic responses were readily made in this medium but they were also observed in the standard medium. The perfusion of pirenzepine (100 and 300 nM) caused a reduction in the depolarizing muscarinic response and a concomitant increase in the amplitude of the hyperpolarization (n = 10). However, at concentrations of I JIM (n = 3) or greater, pirenzepine antagonized the hyperpolarization (see Figure 4a) . A concentration of 300 nM pirenzepine, therefore, seemed optimal for observing the muscarinic hyperpolarization. The hyperpolarization response was always observed under these conditions (0.1 mM Ca2 , 300 nM pirenzepine) whether or not it had been previously visible. N-methylatropine did not selectively antagonize the depolarization since 30 nM, which antagonized the depolarization response to the same extent as 300 nM pirenzepine, abolished both potentials (n = 8, Figure 4b ). Gallamine (0I jaM) exhibited the opposite selectivity to pirenzepine, since it reduced the initial hyperpolarizing response (n = 6, Figure 5 ). This property was shared by pancuronium (3 JAM, n = 3). It should be noted that this action of the neuromuscular blocking agents occurred at concentrations which had only slight antagonist actions on the depolarizing response (see earlier). As in the standard medium, these compounds increased the amplitude of the depolarizing response, reduced the latency to peak and reduced the duration of the response (Figure 3b ). Concentration-response curves for agonist-induced hyperpolarizations were determined, in 0.1 mM Ca2"
and 300 nM pirenzepine (see Table 1 response, since hyperpolarizing responses were rarely observed at concentrations previously determined to be maximally effective for the depolarizing response (1 and 10 gAM, respectively). Small hyperpolarizations were seen on only 2 out of 10 ganglia with pilocarpine and were not observed on 13 ganglia with methylfurmethide (eg Figure 6 ). The depolarizing response to physostigmine enabled us to confirm the selectivity of methylfurmethide (0.3 IAM, n = 5) and pilocarpine (I gAM, n = 2, e.g. Figure 6 ).
It seems unlikely that the muscarinic hyperpolarization ofthe rat superior cervical ganglion was due to the secondary, extracellular calcium-dependent release of catecholamines (Tosaka et al., 1968) for several reasons: (1) 0.1 mM CaCl2 abolished the postsynaptic compound action potential recorded from the internal carotid nerve following the stimulation of the cervical sympathetic trunk (our unpublished observations), whereas the amplitude of the muscarinic hyperpolarization was enhanced in this medium; (2) the hyperpolarization was resistant to tetrodotoxin (0.1-I AM); and (3) idazoxan (0.1-1 .0 JM) antagonized noradrenaline (1 JM)-and dopamine (10 jAM)-induced hyperpolarizations of the ganglion (n = 4 ganglia, for each catecholamine) but not the muscarine-induced hyperpolarization (n = 8, Figure 7 ).
Discussion
The principal finding of this study is that the depolarizing and hyperpolarizing responses evoked by muscarinic agonists on the isolated superior cervical ganglion of the rat can be pharmcologically distinguished: (1) Pirenzepine antagonized the depolarizing response, to muscarine and carbachol, and unmasked a gallamine-and pancuronium-sensitive hyperpolarizing response; (2) methylfurmethide potently depolarized the ganglion but failed to evoke a hyperpolarization at comparable concentrations. The receptors responsible for these responses may therefore be different, a conclusion consistent with the demonstration of two distinct muscarinic binding sites in mammalian sympathetic ganglia (Giraldo et al., 1985) .
The pA2 determined for pirenzepine (Figure 2 ) against the depolarization to muscarine is similar to those previously found on this ganglion (Brown et al., 1 980a; Palacios et al. 1986 ) and on myenteric neurones (North et al., 1985) . These data, together with the potency of N-methylatropine, indicate that the muscarinic depolarization of the rat superior cervical ganglia is mediated by M, receptors. Pirenzepine (300 nM) selectively reduced the depolarizing response and unmasked the hyperpolarization. This selective Black & Shankley, 1985) . The selective action ofpirenzepine indicates that the hyperpolarization was probably not mediated by Ml receptors. Its sensitivity to gallamine and pancuronium suggests that it may be mediated by an 'M2' receptor more similar to that in the atrium than in the ileum (Nedoma et al., 1985) . The muscarinic antagonism by these neuromuscular drugs is believed to be allosteric (Clark & Mitchelson, 1976; Stockton et al., 1983) . However, the competitive cardio-selective antagonist AFDX-1 16 (Hammer et al., 1986; Giachetti et al., 1986 ) also antagonized the hyperpolarizing response (Connolly & Newberry, unpublished observations) consistent with the suggestion of M2-receptor involvement. The increase in the amplitude of the depolarizing response in the presence of gallamine and pancuronium, which was seen in both calcium concentrations, may be explained if the hyperpolarizing response, whether overt or covert, physiologically attenuated the depolarizing response. The fact that methylfurmethide consistently evoked a larger maximum response than muscarine may be explained by its inability to evoke the hyperpolarizing response. Methylfurmethide appears to be a full agonist on many peripheral preparations (Grana et al., 1986) and hence its selectivity is probably not a consequence of differences in spare receptors (see Kenakin, 1984) . In support of this, it has been found that methylfurmethide is slightly selective for cortical compared to cardiac muscarinic binding sites (Birdsall & Hulme, 1986) . In contrast, however, the maximum response of methylfurmethide in inducing inositol phospholipid breakdown in cortical slices is less than that of carbachol (Jacobson et al., 1985) . Pilocarpine also seemed to activate selectively the depolarizing response on the ganglion, as previously demonstrated (Takeshige & Volle, 1964b) , but its selectivity was not as profound as methylfurmethide. Carbachol was the most potent cholinesterase-resistant agonist (of those listed in Table I ) may explain why it could evoke overt hyperpolarization responses in the absence of pirenzepine. Significantly, it has been suggested that this agonist displays cardioselectivity when compared over a range of peripheral tissues (Grana et al., 1986) .
In order to obtain more meaningful potencies for acetylcholine, we superfused the cholinesterase inhibitor physostigmine. This compound depolarized the ganglion and reduced the potency of muscarine to depolarize the ganglion. It may be argued, therefore, that the pEC_, values for acetylcholine to depolarize the ganglion should be adjusted accordingly to obtain its true potency. In contrast, the potency of carbachol to hyperpolarize the ganglion (in the presence of pirenzepine) was not affected by physostigmine. The pEC5o determined for the hyperpolarization evoked by acetylcholine may therefore be more accurate than that for the depolarization.
The effects of the selective antagonists described above are similar to their action on the slow i.p.s.p. and slow e.p.s.p. in sympathetic ganglia of other species (Gardier et al., 1978; Ashe & Yarosh, 1984) . Hence, the receptors involved in the muscarinic agonist responses and slow synaptic potentials of this ganglion may be similar. In mammalian ganglia the release of an endogenous catecholamine has been suggested to mediate the hyperpolarizing synaptic response (Ashe & Libet, 1982) , possibly by an action involving x2-adrenoceptors (Brown & Caulfield, 1979) . In our experiments, the selective M2-antagonist idazoxan (Doxey et al., 1983) failed to antagonize the muscarinic hyperpolarization (see also Brown et al., 1980a) , whereas it did reduce the catecholamineinduced hyperpolarizations (see Figure 7) . Consequently, the agonist-induced muscarinic hyperpolarization on this ganglion was probably the direct consequence of muscarinic receptor activation.
In conclusion, we have provided pharmacological evidence for differences between the receptors mediating muscarinic depolarizing and hyperpolarizing responses on the rat superior cervical ganglion in vitro. Given that these responses probably summate algebraically, the observed gross ganglionic potential induced by a given agonist may reflect its relative potency in activating these two opposing responses.
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